Objective: The purpose of this study is to demonstrate that NADPH oxidase mediating the ROS production is the major pathway for ROS generation in neutrophils during exercise. NADPH oxidase, as a target can modulate oxidative damage induced by overtraining, which can be value to the prevention of exercise-induced immunosuppression. Methods: Thirty male Wistar rats were randomly divided into three groups: a negative control group (C, n = 10), an overtraining group (E, n = 10) and an overtraining + DPI intervention group (D, n =10). Groups E and D were trained on a standard treadmill with progressive load for 11 weeks. After 36-40 h from the last training, eight rats were randomly selected from each group, and blood was sampled from the orbital vein. ELISAs were used to measure serum cytokine levels and lipid peroxidation in blood plasma. Flow cytometry with Annexin V / PI double staining was used to measure neutrophil apoptosis and necrosis. DNA damage in lymphocytes was tested using single cell gel electrophoresis (SCGE). The co-localization between gp91 phox and p47 phox of the NADPH-oxidase was detected using immunocytochemistry and confocal microscopy. Results: 1) Compared with group C, the concentrations of IL-1β, IL-8, and TNF-α were significantly increased and MCP-1, and CINC were significantly decreased in blood plasma from group E (P < 0.01 and P < 0.05, respectively). Concentrations of IL-1β and MCP-1 were decreased (P < 0.05), and IL-8 and TNF-α were significantly increased (P <0.05) in blood plasma from group D. MDA and MPO were elevated in plasma from groups E and D (P < 0.01 and P < 0.05, respectively). 2) Compared with group C, the percentage of neutrophils apoptosis were significantly elevated (P < 0.01) in both groups E and D, and the percentage of cell death was raised in group E (P < 0.05). No significant change was observed in group D. 3) Compared with group C, the number of comet cells, an indicator of DNA damage, was significantly increased (P < 0.01), and the width and tail length of comet cells were notably increased in group E, while no significant increase was observed in group D. 4) The p47 phox protein translocated to the cell membrane and co-localized with the gp91 phox subunit of NADPH oxidase in neutrophils activated by overtraining. Conclusion: 1) Excessive exercise led to an increased secretion of inflammatory cytokines and chemokines in peripheral blood, and it may have induced tissue inflammation 2) Overtraining can activate the NADPH oxidase-mediated overproduction of ROS, leading to increased lipid peroxidation. 3) NADPHoxidase in neutrophils as a target, was responsible for ROS, oxidative damage to phagocytes and lymphocytes and changes to inflammatory cytokines and immune regulatory factors all affect cellular immune functions and may be causative factors for exercise-induced immunosuppression.
Introduction
A variety of studies have demonstrated that exercise induces considerable physiological change in the immune system. Nieman [1] (1989) and Pedersen [2] (1994) provided suggestive evidence that the increased incidence of upper respiratory tract infections (URTI) was associated with athletes after marathon running. The relationship between the amount of exercise and URTI incidence has been described using the "open window theory" and "J-shaped curve" theory, leading to the proposal that exercise-induced immunosuppression (EIS) was responsible. Lancaster (2004) [3] examined type 1(Th1) and type 2 (Th2) T helper cells and their secreted cytokines, discovering that prolonged strenuous exercise resulted in an imbalance between Th1 and Th2 responses and a shift from Th1 to Th2. This imbalance resulted in attenuated cellular immunity and strengthened humoral immunity. The key to solving the problem of EIS will be to understand why overtraining weakens cellular immune function. During an immune response, T helper cell differentiation is regulated by interactions between the innate and adaptive immune systems. The innate immune system, consisting of phagocytes (such as macrophages and neutrophils), acts as the first line of defense for the body, can kills viruses and other microorganisms by producing reactive oxygen species (ROS) in a "respiratory burst" that is mediated by reduced form of nicotinamide-adenine dinucleotide phosphate (NADPH) oxidase [4] . It is well know that exercise could induced an augmented respiratory burst in phagocyte, In these processes, the series of cellular defense factors released include proteases and superoxide anions induced by exercise, which may causes the self-degradation of phagocytes and the release of cytokines. These cytokines then influence T cell differentiation and further activate the NADPH oxidase pathway to release more ROS that may induce lympholeukocyte injury and neutrophils apotosis. We hypothesize that the above mentioned processes may cause cellular oxidative damage and inhibit cellular immunity induced by overtraining.
In view of this hypothesis, we performed an assay based on single cell gel electrophoresis (SCGE), as described by Singh [5] , with some modifications to measure DNA damage in lymphocytes after overtraining. DPI, an effective inhibitor of NADPH oxidase, was used to suppress NADPH oxidase activity and to reduce ROS production [6] . On the basis of the impact of prophase overtraining on leukocyte respiratory burst and phagocyte function and the hypothesis that the production of excess ROS via NADPH oxidase was induced by overtraining, we measured levels of apoptosis and necrosis in neutrophils and calculated the survival ratio. The production of ROS in neutrophils was analyzed by flow cytometry, DNA damage and the production of inflammatory factors. In addition, DPI was used as an antioxidative agent to examine the mechanism behind lymphocyte DNA damage and to investigate oxidative damage as a potential therapeutic target for treating immunosuppression induced by overtraining.
Materials and Methods

Reagents
Reagents: Diphenylene iodonium (DPI), Dimethyl Sulfoxide (DMSO), DAPI staining solution, fetal calf serum and RPMI-1640 medium were purchased from Sigma-Aldrich (USA). Nitroblue tetrazolium (NBT) and trypan blue stain were purchased from GIBCO (USA). Polymorphprep™ and lymphocyte isolation solution were obtained from AXIS-SHIELD (Norway).
SCGE reagents: Sepharose with a normal melting point was obtained from Bio Basic Inc., and sepharose with a low melting point was obtained from AppliChem. The cell lysis buffer contained 2.5 mol/L NaC1, 100 mmol/L EDTA, 10 mmol/L Tris, 1% sarcosine sodium (pH 10), 1% Triton X-100, and 10% DMSO. Electrophoresis solution consisted of 300 mM NaOH and 1 mM EDTA (pH 13). The balanced neutralization solution contained 0.4 mol/L Tris-HC1 (pH 7.5).
Kits: ELISA kits for blood inflammatory factors were purchased from D&G (Germany). Cell apoptosis kits were obtained from Beckman Coulter (USA). Monocellular electrophoresis kits were purchased from Kangjiang biological company in Shanghai. Kits for NADPH-xidase treatment were purchased from JieMei gene and medical technology company in Shanghai.
Animal and overtraining protocol construction
Thirty male Wistar rats (weight 225 ± 6.7 g) were purchased from BK biological technology company in Shanghai and were fed for a one week acclimatization phase (environmental temperature 20-25°C with a 12 h light/dark cycle and free access to standard pellets and drinking water). Ten rats were randomly chosen as the negative control group (C, n=10), the remaining rats were subject to a 4-week treadmill training regimen (V = 22.5 m/min, one hour per session per day), and then these rats were divided into an overtraining group (E, n = 10) and an overtraining and DPI intervention group (D, n = 10). The progressive increase in training intensity and frequency were in accordance with the methods reported by Hohl (Table 1) [7] .At the same time, the negative control group was handled and exposed to the treadmill to control for stress of treadmill environment. The experimental protocol was approved by the Ethics Review Committee for Animal Experimentation of Shanghai University of Sports. At the start of week 5, rats in group D were injected intraperitoneally with DPI (0.2 mg kg −1 ) half an hour before training, as described previously [6] . The diluent solution (0.5% glucose) used for DPI injections was administered alone to the group C and group E.
During the eleven weeks of treadmill exercise, we monitored the dynamic change weight of rat. Blood samples were taken from the fossa orbitalis venous plexus and the serum hydrocortisone and virosterone levels were measured. A significantly lower of this index in the control exercise groups was considered an indication of success for the overtraining protocol referring to our previous experiment [8] . In addition, weak muscle contraction after stimulation and a sudden decrease in motor capacity were used as the criteria for exhaustion. 
Blood sampling and serum parameter measurement
After eleven weeks on the overtraining protocol, in order to avoid the acute effect of exercise and other immune response of sacrificed, 3 ml blood sample was taken from the fossa orbitalis venous plexus, 36-40 h after the last training. In all, 0.8 ml blood was placed in an anticoagulation tube with heparin, centrifuged at 3,000 r/min for 5 min to isolate plasma, and frozen at -18°C until use. Cytokine-induced neutrophil chemoattractant (CINC), interleukin-1β (IL-1β), interleukin-8 (IL-8), monocyte chemoattractant protein 1 (MCP-1), tumor necrosis factor (TNF-α), myeloperoxidase (MPO) and malonaldehyde (MDA) were measured using ELISA kits. Then, 2 ml blood was added to an anticoagulation tube with heparin to isolate neutrophils, monocytes and lymphocytes. The remaining 0.2 ml of blood was added to an EDTA anticoagulation tube and was immediately delivered to Second Military Medical University to be tested for common biological indicators.
Separation of neutrophils, monocytes and lymphocytes
In accordance with the Polymorphprep™ instructions, 2 ml of separation solution was added to a centrifuge tube, blood samples were spread carefully on the surface of the separation solution, and the tubes were centrifuged (450 g, 35 min, 18-22°C). The separation layer containing neutrophils, monocytes and lymphocytes was isolated and washed twice using 0.45% NaCl hypotonic solution and then PBS respectively Then, 0.4% trypan blue was added for counting, and the concentration of cells was adjusted to 1×10 7 cells/ml; the concentration of live cells was no less than 96%. Finally, the cells were suspended in pre-chilled RPMI-1640 culture medium.
NADPH oxidase activity measurement
For the NADPH oxidase activity measurement, 5×10 6 neutrophils were isolated, suspended in NBT solution (4 mg/ml) and incubated for 20 min in a thermostat-controlled water bath at 37°C. Then, 1 M HCl was added to terminate the reaction. After centrifugation (2500 rpm, 5 min, 18-22°C), 400 µl DMSO was added to form stable triphenyl-methyl ester. The optical density (OD) was measured at 560 nm using a spectrophotometer; the greater the OD, the higher the NADPH oxidase activity was determined to be.
Detection of neutrophil apoptosis using Flow cytometry with Annexin V/PI double-staining
Prepared neutrophil suspensions (1×10 6 cells/mL) were collected in 10 ml centrifuge tubes and were washed according to the kit's instructions. Fluorescent dyes were added, and samples were incubated in the dark at 4°C for 20 min. In all, 10,000 cells were detected using flow cytometry with the excitation wave at 488 nm. A pass-band filter with a wavelength of 515 nm was used to detect FITC fluorescence. An additional filter whose wavelength ex-ceeded 560 nm was used for PI measurement as shown in Figure 5C SCEG for lymphocytic DNA Lymphocytic suspensions were washed with PBS, and the concentration was adjusted to 1×10 5 cells/ml. The alky comet assay described by Singh et al. was performed according to the kit's instructions. Briefly, the assay involved seven procedures: sheeting, splitting, rinsing, untwisting, electrophoresis, rinsing and staining. The results were observed under ultraviolet light using a fluorescence microscope. Each experiment was replicated twice, and 100 cells were sampled from each group to survey the number of comet cells. The tail distance and length were determined using CASP (casp-1.2.2) software.
Immunofluorescence staining and confocal microscopy
Cell samples were prepared as previously described Liu.et al (2008) [9] . Briefly, PMN cells were cultured onto four-chamber slides precoated with 1% gelatin until nearly confluent and fixed with 1% formaldehyde in PBS at room temperature for 30 min. Cells were washed three times with PBS and permeabilized in 0.1% TritonX-100 in PBS for 10 min. Slides were blocked with 20% fetal calf serum in PBS for 30 min at room temperature. Cells were washed with 0.1% bovine serum albumin/PBS three times with gentle shaking and were incubated at 37°C for 2 h with anti-gp91 phox rabbit polyclonal antibody (H-60, Santa Cruz Biotechnology) and anti-p47 phox goat polyclonal antibody (C-20, Santa Cruz Biotechnology) at a 1:500 dilution in PBS containing 10% bovine serum albumin (BSA) and 0.1% Tween 20. Cells were stained with fluorescein isothiocyanate (FITC)-conjugated rabbit anti-goat IgG (81-1611, Zymed) or Cy5-conjugated goat anti-rabbit IgG (81-6116, Zymed) at a ratio of 1:100 in PBS containing 10% BSA and 0.1% Tween 20 at 37°C for 1 h. Following extensive washing in PBS, the cells were mounted on slides using a DAPI mounting medium. The stained cells were observed under a confocal laser-scanning microscope (LSM 510 META, Zeiss)
Statistical method
All measured data were expressed as mean ± standard deviation and analyzed using SPSS for Windows 15.0. Single factor analysis of variance (ANOVA) was performed. P < 0.05 was consider as the level for statistical significance; CASP (casp-1.2.2) software was used for DNA damage analysis. Pearson correlation and stepwise regression analysis was used to measure the correlation between activity of NADPH oxidase, DNA damage, MDA/MPO levels in plasma, and production of ROS.
Results
Cytokine levels in blood after overtraining
Blood was sampled 36 h post-exercise, plasma was separated, and the concentrations of cytokines were measured using ELISA kits. As show in Fig 1, compared with the control group C., the concentration of IL-1β, IL-8, TNF-α, MCP-1 and CINC in rat plasma 36 h after the last training was all highly significantly increased in group E. group D had significantly lower levels of IL-1β and MCP-1, but had notably increased levels of IL-8 and TNF-α. CINC was decreased, but this was not statistical significant. Figure 1 . the concentration of Cytokine in rat plasma 36 h after overtraining. P values were calculated in comparison with group C, * p < 0.05; ** p < 0.01 (mean ± SD; n = 8 per group). Group C: negative control, group E: overtraining group, group D: overtraining + DPI intervention group.
Peroxidase in rat blood after overtraining
Detection of MDA in blood plasma after overtraining As shown in Figure 2 , plasma MDA levels in group E suddenly rose 36 h post-exercise compared with the control group, and this effect was highly statistically significant(p<0.01). MDA levels in group D 36 h post-exercise were also increased but did not show statistical significance. Figure 2 . Plasma MDA levels increased 36 h after exercise. P values were calculated in comparison with group C, * p < 0.05; ** p < 0.01 (mean ± SD; n = 8 per group). Group C: negative control, group E: overtraining group, group D: overtraining + DPI intervention group.
Detection of MPO in plasma after overtraining
Compared with group C, the concentration of MPO in both group E and group D was increased 36 h post-exercise. The single factor ANOVA results showed that the increase in group E was highly statistically significant (p<0.01) but decrease in group (p<0.05) (Figure 3) .
Detection of NADPH oxidase activity in neutrophils after overtraining
A chemiluminescence assay was performed to measure NADPH oxidase activity in neutrophils. The OD values given in Figure 4 indicate that compared with group C, NADPH oxidase activity was significantly higher in group E (p<0.01) and in group D (p<0.05) relative to group C.
Detection of apoptotic leukocytes after overtraining
As shown in Figure 5A and 5B, flow cytometry indicated that the apoptosis and mortality rates for neutrophils from rats in group D and group E were higher than for those in group C. ANOVA showed that the difference in group E reached the level of high statistical significance, and the change in group D was statistically significant. In addition, lymphocyte apoptosis followed the same trend seen in neutrophils after overtraining. Figure 6 shows the results of the SCGE assay performed on lymphocytes 36 h post-exercise to detect cellular DNA damage. Structures shaped like "comet tails" can be observed following SCGE. The extent of DNA migration during electrophoresis, as indicated by the length of the comet tail, directly reflects the degree of DNA damage. Representative fluorescence images are shown in Figure 6 . A shows no DNA damage, B shows moderate DNA damage, and C shows serious DNA damage. P values were calculated in comparison with the results for group C (* p < 0.05; ** p < 0.01) and in comparison with the results for group E(▼p < 0.05, mean ± SD; n = 8 per group). Group C: negative control, group E: overtraining group, and group D: overtraining + DPI intervention group.
SCGE assay for lymphocyte DNA damage after overtraining
In all, 100 cells were sampled from each sample to study the percentage of comet cells, and the length and width of comet cell tails were analyzed.The mean percentages of comet cells in the control group, group E and group D were 8.33%, 12.15% and 21.52%, respectively. As show in Fig 6 compared with group C, the number of comet cells in group E was significantly higher (p < 0.01). In addition, the width and tail length of comet cells markedly exceeded those of group C (p<0.05). The measurements from group D showed an increase, but this was not significant when compared with group C. However, the mean percentages of comet cells, the width and tail length of comet cells from group D were lower than those of group E (p < 0.05).
The co-localization between gp91phox and p47phox of the NADPH-oxidase subunit in group E using immunocytochemistry and confocal microscopy induced by overtraining To find evidence for activation of PMNs, we used immunofluorescence staining to determine whether overtraining induces activation of NADPH oxidase. Translocation of the cytosolic subunit p47 phox to the membrane is a key step in NADPH oxidase activation (Johnson et al. 1998[10] ). We used anti-gp91 phox (red fluorescence) combined with an anti-p47 phox (green fluorescence) antibody to detect the translocation of the p47 phox subunit. As shown in Fig  7A and 7C , p47 phox was distributed evenly between the cytoplasm and the nucleus of cells in group C and in gourp D, and no distinct accumulation was detected on the cell membrane, indicating that the majority of p47phox was localized in the cytoplasm of PMNs while the rats was rested, as shown in Fig 7B. The p47 phox translocated to the cell membrane and co-localized with gp91 phox , suggesting that NADPH oxidase was activated in PMN cells induced by overtraining.
Figure 7. Co-localization between gp91
phox and p47 phox subunits of NADPH-oxidase in neutrophils after overtraining. A and C: No co-localization between gp91 phox and p47 phox was observed in control group C or overtraining + DPI intervention group D in immunocytochemical analysis and confocal microscopy (×200). B: The co-localization between gp91 phox and p47 phox in overtraining group E in immunocytochemical analysis and confocal microscopy (×200). (arrow indicating cells in merged figures, yellow).
Discussion
Successful construction of overtraining protocols
In the present study, the key was to build a successful animal overtraining protocol, which was based on the Hohl(2009,Brazil)overtraining protocol with some modifications. The criteria to evaluate the condition of the rats and judge whether the protocol was successful were as follows: locomotory capacity, physical strength, mental state, weight change, and concentrations of hemoglobin, corticosterone and testosterone. This training protocol had three key features. 1) The load was progressively increased over a long period of time (1 week for the acclimatization phase plus 12 weeks training). 2) There were 4 weeks of adaptive training, which allowed all rats to reach a satisfactory adaptive state.
3) The progressive load increase was accomplished by increasing the frequency of training but not increasing the treadmill speed, which lowered the risk of injury and promoted recovery. In this study, there were only two accidental deaths.
The influence of overtraining on cytokine secretion in rat
During the process of immune activation, immune cells are affected by various regulatory factors, such as IL-1β, TNF-α and IL-8. IL-1β is an intense pro-inflammatory cytokine. As well as regulating immunological functions mediated by T cells and B cells, it acts on leukocytes, macrophages and vascular endothelial cells. TNF-α, an important inflammatory mediator produced by activated monocytes and macrophages [11] , plays a role in many aspects of innate immunity, including killing and inhibiting tumor cells, promoting phagocytosis of leukocytes, causing fever and inducing acute protein synthesis by hepatocytes, facilitating the differentiation of myeloid cells to macrophages and facilitating cell proliferation and differentiation [12] . TNF-α is also involved in the pathological damage associated with some autoin-flammatory diseases [13] . IL-8, which is produced by monocytes and macrophages stimulated with TNF-α, can activate neutrophils to produce two types of responses. One response is to promote the release of cytolysosome and produce a respiratory burst, forming superoxide and hydroxyl peroxide. The other response is to induce phagocytosis of pathogenic microorganisms [14] .
The sequence of events that occurs in neutrophil response to microbial invasion includes adherence, chemotaxis, phagocytosis, oxidative burst, degranulation, and microbial killing. Therefore, we selected the cytokine described above as a measure of the response function of neutrophils in different stages of the process of killing germs. The results we measured after overtraining have a concordant rise in rat plasma, indicating that there is an enormous response to neutrophils that could lead to change of the neutrophil function.
In addition, our previous study [15] and the study by Lancaster (2004) [3] show that overtraining enhances Th2 cell responses and induces a shift from Th1 to Th2 during the differentiation of naïve T helper cells. This implies that the decrease in immune capacity and increase in infection rate post-exercise are mainly related to the suppression of Th1 responses and are less influenced by changes in humoral immunity. This explanation would be consistent with a study showing that exercise could cause an imbalance in immunological regulation resulting in decreased cellular immunity [16] .
Activation of NADPH oxidase and MPO by overtraining and changes in peripheral blood peroxidation caused by the production of ROS NADPH oxidase, a special type of functional enzyme, mediates the production of ROS by phagocytes. The activation of NADPH oxidase catalyzes the reaction NADPH + 2O2 →NADP + + H + + 2O -2, with NADPH as the substrate. O -2 forms H2O2 in a reaction catalyzed by superoxide dismutase (SOD) [17] .
NADPH oxidase activation in phagocytes can be induced by a large number of soluble and particulate factors, such as neutrophil adhesion, pro-inflammatory cytokines, lipopolysaccharide, and other agents (El-Benna, et al. 2008) [18] . Exercise, as a kind of excitation, could induce neutrophil activation (Peake,et al.2004 ) [19] . Although several studies have examined the effects of exercise on the priming and activation of neutrophils (Suzuki, et al. 2003 [20, 21] . We detected the removal of p47 phox from the cytoplasm to the membrane and co-localization with the gp91 phox in NADPH oxidase using immunocytochemistry and confocal microscopy immediately after overtraining. This finding indicates that overtraining activate the neutrophils and induce the consequent response of neutrophils.
MPO is found in azurophil granules in neutrophils and can reduce H2O2 to hypochloric acid (HOCl) in the presence of chloride, which acts as a potent antioxidant and sterilizing factor. After activation, neutrophils can degranulate and can release MPO into extracellular space, which can cause other tissue damage [22] . Therefore, we selected MPO as a measure for the activity of neutrophils.
After overtraining, NADPH oxidase activity, the concentrations of serum MPO and MDA were determined and compared with that of group C and group D. We found that NADPH oxidase activity was markedly increased and plasma concentrations of MPO and MDA were also increased, Pearson correlation analysis showed a significant relationship between activity of NADPH oxidase and both MPO (r = 0.78) and MDA (r = 0.63) levels. This positive correlation supports the hypothesis that overtraining leads to the activation of neutrophils. The activation of NADPH oxidase releases ROS and MPO, inducing respiratory burst and phagocytosis; consequently, peroxidase levels were increased.
Flow cytometry for the detection of neutrophil and lymphocyte apoptosis after overtraining
We used FITC-labeled Annexin V and PI double staining to detect apoptosis and necrosis of neutrophols in peripheral blood. The number of necrosis cells measured using this method was used as a marker for the effect of overtraining on neutrophil apoptosis. The results demonstrated that overtraining markedly increases the number of apoptotic and necrosis cells. Compared with group C, the numbers of apoptotic and necrosis cells were lower in group D, suggesting that the production of ROS via the NADPH oxidase pathway in activated leukocytes was probably the main source in peripheral blood. However, the production of ROS during exercise via other pathways cannot be ruled out. Combined with the data showing that the MDA concentration in blood was elevated after overtraining, these results suggest that the overproduction of ROS via the NADPH oxidase pathway was probably the main reason for the elevated level of peroxidation in peripheral blood.
Comet assay for DNA damage
The comet assay has been developed as a means of detecting cellular DNA damage, and it is generally used in a variety of fields, such as biological monitoring and genetic toxicology [23] . The distance migrated by cellular DNA during electrophoresis di-rectly reflects the extent of DNA damage present. Granular cells function mainly in the tissue and spend only a short time in the bloodstream before aging and dying. Lymphocytes, whose lifespans last several months and even as long as a year, mainly reside in the circulatory system, where they proliferate and differentiate. Therefore, we used this method to measure DNA damage in lymphocytes isolated from peripheral blood after overtraining. The DNA damage in lymphocytes in group E was significantly higher than that in group C and in group D was also lower than in group E. The data showed that overtraining lead to the increase of DNA damage and this is related to the production ROS mediated by NADPH oxidase.
Potential mechanism for the effect of ROS released by respiratory burst on lymphocyte DNA damage Our study measured DNA damage in lymphocytes after overtraining using the SCGE assay. DPI, an inhibitor of NADPH oxidase, was used as an intervention to determine the role of this pathway in EIS. We found that the degree of DNA damage in the treated group D was lower than that in the group E.
Stepwise regression analysis indicated that there is a positive correlation between the activity of NADPH oxidase and both lymphocyte DNA damage (r = 0.67) and neutrophil apoptosis (r = 0.74), which implies that the ROS produced by respiratory burst due to overtraining was probably involved in the induction of DNA damage. That is, the release of ROS, mediated by NADPH oxidase during the respiratory burst, not only led to lipid peroxidation in the blood but also caused a series of different perioxidation reactions in other cells. Studies in 2005 by Ogonovszky et al. [24, 25] showed that the levels of 8-oxo-2-deoxyguanosine, a marker of oxidative DNA damage, were increased in the liver after overtraining. In the brain, levels of 8-oxo-2-deoxyguanosine were unchanged, but the activity of the proteasome complex increased in the overtraining group. These findings imply that overtraining induces oxidative damage to nuclear DNA in the liver but does not induce oxidative stress in the brain.
Another studies also reported that free radicals have a damaging effect on DNA [26] . Free radicals can lead to the breakdown of hydrogen bonds in DNA, degradation of bases and the untwisting of the DNA backbone. All nucleic acids can be attacked by free radicals and while this damage can be repaired in some cases, it can also lead to permanent damage. As a result, damage to cellular DNA can change the biological activity of cells and cause gene mutations, tumors and even cell death [27] . Our results showed that the DNA damage in group D was lower than that in the group E, indicating that the NADPH oxidase pathway was probably not the only path leading to production of ROS during exercise There is evidence that peroxides such as H2O2 could activate NADPH oxidase [28] . Some research indicated that exercise could change the production of inflammatory and chemotactic factors or production of ROS [29, 30] .Therefore, there are three potential pathways leading to DNA damage. 1) The DNA damage caused by ROS could be produced during overtraining via other pathways. 2) Inflammatory factors induced by overtraining could directly damage DNA.
3) The production of ROS, leading to DNA damage, is directly mediated by NADPH oxidase activated during over-exercise. ROS production may also be indirectly related to the activation of NADPH-oxidase through the action of H2O2 and cytokines. So the true mechanism for the induction of DNA damage in immune cells after overtraining is probably a combination of these three pathways ( Figure 8 ) as above mentioned.
Analysis of the attenuation of cellular immunity caused by overtraining
Excessive activation of NADPH oxidase in overtraining, positive feedback on NADPH oxidase due to increased production of H2O2 via other cellular pathways, and the release of inflammatory factors induced by oxidative stress result in increased production of ROS and the disturbance of the ROS equilibrium state [31] [32] [33] .
In conclusion, the reduction in cellular immunity caused by overtraining is due to a combination of factors. Excess ROS in cells damages DNA, lipids and proteins indirectly and induces apoptosis directly via signaling pathways mediated and activated by ROS [34] . ROS leads to phagocytic cell death by interrupting tyrosine phosphorylation induced by the deactivation of AMPK in macrophages [35] . This process leads to decreased innate immune function by phagocytes. The role of phagocytes in mediating T cell differentiation by secreting cytokines and chemotactic factors would also be affected. Our previous study also showed an exercise-induced Th1/Th2 lymphocyte imbalance, which may be related to a reduction in NKT immunoregulatory cell numbers [15] . In addition, the overproduction of ROS can damage lymphocyte DNA and change cellular activities, which lead to gene mutations, tumors and lymphocyte death. The decrease in cellular immunity involved the attenuation of both innate immunity, particularly phagocyte responses, and adaptive immunity involving T cells. 3) The production of ROS, leading to DNA damage, is directly mediated by NADPH oxidase activated during over-exercise. ROS production may also be indirectly related to the activation of NADPH-oxidase through the action of H 2 O 2 and cytokines.
Conclusion
Overtraining increased the secretion of peripheral blood inflammatory factors and cytokines. As a result, overtraining might induced tissue inflammation and affect T lymphocyte differentiation, leading to dysregulation of the Th1/Th2 balance and the attenuation of cellular immunity.
Excessive production of ROS induced by overtraining could upregulated lipid peroxidation levels in peripheral blood and lead to reduced phagocyte function, lymphocyte injury, a bulk release of inflammatory factors and changes to immunological regulatory factors, which all contribute to cellular immune and the exercise-induced immunosuppression.
Overtraining could activate NADPH oxidase and cause increased production of ROS in neutrophils. The overactive NADPH oxidase leads to the superoxide anion production induced by overtraining. More importantly, our pilot study suggests that the excessive oxidative stress generated by NADPH oxidase is responsible for the neutrophil apoptosis and lymphocyte DNA damage seen in overtraining. These observations, although preliminary, may be of critical value to the modification of oxidative stress induced by overtraining and the prevention of exercise-induced immunosuppression.
